Influence of oxygen content on the microstructure and thermoelectric properties of bismuth-telluride based (Bi,Sb) 2 (Te,Se) 3 alloys has been investigated. The consolidated specimens in a disc form of 10 and 26 mm in diameter and 8 mm in height were prepared by hot-pressing of rapidly solidified foils produced by a single-roller melt spinning method. Oxygen content was analyzed to be enriched in the range of 4.1 nm depth from the foil or powder surface. By the reduction-treatment process in a hydrogen atmosphere, the enriched oxygen content on the surface was decreased. For the hot-pressed specimens, the highest oxygen content was 519 ppm and the oxygen-rich area lies along the grain boundaries. As the oxygen content decreased, the carrier mobility () was increased and the electrical resistivity () was decreased. The reduction of oxygen content by the reduction process using hydrogen gas causes the increase of , leading to high value of figure of merit (Z). For the specimens containing the oxygen content of 79 ppm, the maximum Z value of 3:4 Â 10 À3 K À1 was obtained. There was a tendency for grain size to increase with increasing oxygen content in the hot-pressed specimens.
Introduction
Scientific and technological interests in bismuth-telluridebased alloys have increased for the developments of thermoelectric coolers and power generators with high performance. In recent years, a new kind of thermoelectric materials with high performance has been prepared by a rapidly solidification technique. [1] [2] [3] The materials were prepared by hotpressing of melt-spun foils. The consolidated alloy has fine microstructure with a preferential crystal orientation and exhibits a higher value of figure of merit (Z). [1] [2] [3] As similar for SbI 3 , HgCl 2 and HgBr 2 , oxygen has an important role in the n-type alloys for the thermoelectric properties. 4, 5) However, very little is known about the influence of oxygen element on the thermoelectric properties and carrier mobility of (Bi,Sb) 2 (Te,Se) 3 alloys. This work intends to examine the influences of concentration and dispersion state of oxygen on the thermoelectric and carrier properties of the n-type bismuth-telluride based alloys made of melt-spun thin foils.
Experimental Procedure
The Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 alloy ingot was prepared by melting a mixture of pure Bi, Sb, Te and Se (=99:99% purity). The raw material was sealed into a fused silica tube with argon gas filled. Then, the raw material was melted at 923 K for 1 hour using a rocking furnace. The single roller melt-spinning technique was then employed using this ingot to obtain a rapidly solidified foil. A copper roller of 400 mm in diameter was rotated at a rotation speed of 10.5 mÁs
À1
(500 rev min À1 ). The resulting foils were 2.0 mm in width and 10 to 20 mm in thickness. Consolidated specimens were produced with thin foils and pulverized powder of thin foils.
The foils and pulverized powder were heat-treated in a Pyrex tube with hydrogen gas for 1 to 24 h at 653, 673 and 763 K as the reduction process. The rapidly solidified foils were then carefully stacked in a die in an argon atmosphere. The foils and powder were consolidated by hot-pressing at 703 K for 60 min under an applied pressure of 50 MPa in an argon atmosphere. The consolidated pellets had a disc form with diameters of 10 and 26 mm and a thickness of 8 mm. The relative densities of the specimens were higher than 98%.
The microstructure of the specimens was examined by optical microscopy. The thermoelectric properties and carrier mobility were measured at room temperature along the direction parallel to thickness. To measure the Seebeck coefficient () and thermal conductivity (), cubic specimens with dimensions of 4 Â 4 Â 4 mm were cut from the hotpressed sample. Heat was then applied to the specimen which was placed between two copper plates. The thermoelectric motive force (E) was also measured by applying a small temperature difference (ÁT) between both ends of the specimen. The value was determined from the formula E=ÁT. The value was measured using the static comparative method, with transparent SiO 2 as a standard sample in a vacuum of 5 Â 10 À3 Pa. The value was measured using the four-probe technique. The figure of merit (Z) was evaluated by the relation of Z ¼ 2 =ð Á Þ. For the hot-pressed specimens, oxygen content in the specimens was analyzed by an inert gas fusion method. Oxide layer thickness on the surface of the rapidly solidified foils or pulverized powders was measured with an ESCA. ESCA studies were performed by a Physical Electronics Quantum 2000. Oxygen dispersion state was also examined by Dynamic Secondary Ion Mass Spectrometry (Dynamic SIMS) and Time-of-Flight SIMS (TOF-SIMS) for the hotpressed specimens. Hall coefficient (R H ) was determined using a van der Pauw method at 300 K. The carrier concentration (n) of the hot-pressed specimens was calcu-lated from the R H value, assuming a single carrier model and a Hall scattering factor of unity, by equation (1):
The carrier mobility () can be determined by equation (2):
where e is the electron charge.
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Results and Discussion
The oxygen profiles obtained by ESCA are shown in Fig. 1 . The horizontal axis shows the depth calculated with converted value of ion etching time for SiO 2 . Oxygen was detected in the depth range below 4.1 nm for the rapidly solidified foil (specimen (a)) and 2.5 nm for foils after a reduction treatment process in hydrogen gas (specimen (b)). Here, the foil specimen (b) was heat-treated with hydrogen gas for 10 h at 653 K. As shown in Fig. 1 , the oxygen content of the rapidly solidified foils is higher than that of the foils reduction-treated in hydrogen gas in the depth range up to 4.1 nm. Thus, the hydrogen reduction treatment process is effective for the reduction of oxygen content in the foil surface region. Table 1 summarizes the ratio of oxide to metallic contents in the surface region of the specimens obtained by ESCA. Among the oxides of four elements in the specimens, the antimony-oxide has the highest ratio of 89.5% for the foil specimen (a) and 74.6% for the foil specimen (b). The ratio of the tellurium-oxide is also higher than 80% for the foil specimen (a), which is about 20% higher than that for specimen (b). The bismuth-oxide shows the lowest ratio value. For both specimens, the ratios of the bismuth-oxide were below 60%. No selenium oxide was detected. Considering that the ratio is the highest for the antimony-oxide, the negative free energy of formation for antimony-oxide seems to be the largest among the four oxides (bismuth-, antimony-, selenium and tellurium-oxides). This presumption is consistent with the data reported by Chatterji et al. 10) However, for bismuth-oxide and tellurium-oxide, the data on the free energy of formation do not agree with the results mentioned above. The difference may be attributed to the surface potential with strain energy by rapid solidification process. Table 2 summarizes oxygen contents in the hot-pressed specimens ((A)-(G)) subjected to different reduction treatments, together with the data of powder condition. The oxygen content is the highest (519 ppm) for the hot-pressed specimen (A-1). The reduction process decreased the oxygen contents, but there was no distinct difference in the oxygen contents between specimens (B) and (C). The comparison of oxygen contents between specimens (B) and (C) suggests that the treatment times of 10 and 24 h do not affect significantly the reduction effect. The data of specimen (D) exhibit that the oxygen content in the hot-pressed specimens made of the foils is lower than that made of the pulverized powder. Thus, the oxidization of the powder was increased by the pulverizing treatment of the rapidly solidified foils. As seen in the data of specimens (E), (F) and (G), there is no significant effect on the decrease of oxygen content by the heat treatments at 643 and 673 K for 10 h, at 643 K for 10 h and at 763 K for 1 h. Thus, it is preferable to select the lower temperature below 643 K for 10 h in the reduction process, because the rise of temperature causes the decrease of figure of merit (Z) with higher value and value due to grain growth and disappearance of preferentially oriented crystal orientation.
2,3)
We further investigated the relationship between oxygen content and distribution condition for the hot-pressed specimens. Figure 2 shows negative ion images of oxygen obtained by Dynamic SIMS for the specimens (A-1), (D) and (E-1) containing oxygen contents of 519, 202 and 78 ppm, respectively. In addition, the result of TOF-SIMS measurement is shown in Fig. 3 . Oxygen lies mainly along the grain boundaries shown in Fig. 2 . With the oxygen content data in Table 2 mentioned above, the specimens containing oxygen contents higher than 200 ppm exhibit clearly negative ion images by dynamic SIMS observation. In specimen (D), the image of oxygen-rich area appears to be a lamellar-like structure and the width is the same as the thickness of the used foils. Therefore, it is clear that oxygen is enriched on the surface of the foils in the hot-pressing process. It is thought that the enriched oxygen region acts as a barrier to reduce the carrier mobility at grain boundaries corresponding to the interface of foils. In Fig. 2 , the increase in oxygen content at grain boundaries is consistent with the increase of total oxygen content in the specimens. Besides, the TOF-SIMS result shown in Fig. 3 also suggests that the oxygen-rich area lies mainly along grain boundaries. Thus, the reduction treatment process using hydrogen gas is expected to be effective on the increases of and Z by reducing oxygen content at the grain boundary in the hotpressed specimens.
On the other hand, it has been reported that oxygen acts as donor in bismuth-telluride-based alloys. 11, 12) We consider that the following two aspects are important for the improvement of Z by controlling oxygen content in the specimens. The first is the optimization in by controlling carrier concentration, and the second is the increase of by reducing oxygen content at grain boundary. Figures 4(a) and (b) show the influence of oxygen content on the n and values. With increasing oxygen content, the value gradually decreases. The n is about 2 Â 10 25 m À3 at the lower oxygen contents than 200 ppm. For the specimens containing the oxygen contents higher than 250 ppm, the n is higher than 3:5 Â 10 25 m À3 . As mentioned above, oxygen atom acts as donor. Consequently, for the consolidated specimens made of rapidly solidified foils, the increase of oxygen results in the increase of n value, while decreases by the oxide phase formed along the grain boundaries, as shown in Figs. 2 and 3 . The oxide at grain boundaries is thought to act as a barrier so as to decrease the mean free path for electron. Thus, the decrease of oxygen content is effective in the increase of figure of merit (Z) through the decrease of value of the specimens produced by the unique fabrication process. For the specimen containing oxygen content higher than 358 ppm, the slight increase in is shown in Fig. 4(a) . The increase is thought to be independent of n value and the oxide phase.
For the specimens (C) and (D) containing the oxygen contents ranging from 200 to 250 ppm, the n value of specimen (C) is lower than that of specimen (D), even though the oxygen content for specimen (C) is slightly higher than that in specimen (D). Here, the opposite tendency is thought to result from the difference of powders used for hot-pressing process on the basis of the previous data on the powder size effect on thermoelectric properties. 12 ,13) Figure 5 shows the changes in the , and values with oxygen content for the hot-pressed specimens. The decreases with increasing oxygen content for the specimens containing oxygen contents lower than 220 ppm; however, it doesn't change for higher oxygen contents than 220 ppm. For specimens (B) and (C), the and values have different oxygen content dependence. The value rapidly increases in the oxygen concentration range higher than 220 ppm. It is thought that oxide acts as a barrier against electron mobility and the value increases significantly for the specimens containing oxygen content ranging from 220 to 358 ppm. For the specimens containing oxygen content higher than 358 ppm, the decreases to 1:4 Â 10 À5 m. The value is dependent on oxygen content as shown in Fig. 5 . For the specimens with oxygen contents lower than 300 ppm, value increases with increasing oxygen content. The value is also closely related to n because it can be expressed by ¼ el þ ph . [14] [15] [16] [17] For specimen (B), the high value of 1.5 WÁm À1 K À1 results from high n value. On the other hand, the value of the specimens containing oxygen content of 358 ppm decreases to 1.1 WÁm À1 K À1 . It is presumed that oxide works as barrier against carrier, leading to the decrease of el value. For the specimen containing oxygen content higher than 500 ppm, however, the value increases to 1.2 WÁm À1 K À1 with the decreasing of value mentioned above. It is thought that the changes in and are influenced by a factor independent of the n value. Figure 6 shows the relation between Z value and oxygen content. Here, the Z value was calculated using the measured values of , and . It is clear that the Z value increases by decreasing the oxygen content in the specimens.
The microstructures of specimens (A-1) and (A-2) with oxygen contents of 358 and 519 ppm, respectively, are shown in Fig. 7 . It is seen that oxygen promotes grain growth during hot-pressing process using pulverized powder of foils, resulting in the changes in and value shown in Figs. 4 and 5.
As previously reported, the hot-pressing conditions such as the hot-pressing pressure, temperature and time affect significantly the thermoelectric properties of the consolidated specimens made of rapidly solidified alloy foils. 2, 3) The pulverization treatment of foils also affects the grain size, , and of the hot-pressed specimens. 2) In this study, it has become clear that the reduction of oxygen content by the heat-treatment process using hydrogen gas and the optimization of hot-pressing conditions are essential and effective means for obtaining a high figure of merit (Z).
Conclusions
The influences of oxygen content on the thermoelectric properties (, and ), and n were investigated for the consolidated specimens produced by the hot-pressing method using rapidly solidified Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 foils. Oxygen was detected in the depth range below 4.1 nm for the rapidly solidified foil and 2.5 nm for foils after a reduction treatment process in hydrogen gas.
In the hot-pressed specimens, oxygen content was higher for the specimens using pulverized powder of foils than those using the foils. Oxygen mainly distributed at the grain boundary. The high oxygen content caused the decreases of and . By reducing oxygen content and controlling n, the high Z value of 3:4 Â 10 À3 K À1 has been obtained for the specimens containing an oxygen content of 79 ppm.
